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A consistent theory of cross-interaction eect between two ultrashort coherent light pulses (USPs)
in a medium with relaxation Kerr nonlinearity is developed. The correspondent algebra of time-
dependent Bose-operators is elaborated. It is established that the spectral region of the investigated
pulse, where the quadrature fluctuations are weaker than the shot-noise, depends on the relaxation
time of the nonlinearity, the magnitude of the nonlinear phase shift and the intensity of other pulse.
It is shown that the frequency at which the suppression of fluctuations is greatest can be controlled
by adjusting the phase of the initial investigated light pulse or the intensity of other.
PACS numbers: 42-50, 33.55.F, 42-81.Q
I. INTRODUCTION
The cross-interaction eect between ultrashort light
pulses (USPs) in nonlinear media with relaxation Kerr
nonlinearity still remains in the focus of considerable at-
tention. It is well known that in nonlinear media with in-
ertial Kerr nonlinearity the squeezing of quadrature fluc-
tuations with conservation of the photon statistics takes
place [1,2].
The theory of cross-interaction eect between two light
elds in nonlinear media with cubic nonlinearity, devel-
oped in general for the monochromatic radiation [3], is
based on the algebra of Stocks parameters. The alge-
bra of Stocks parameters is usually used to estimate the
quadrature squeezing [3,4]. However, up to now exper-
iments in which the direct measurement of Stocks pa-
rameters [4] is realized have not yet been made. Besides,
the accurate theoretical estimation of the Stocks param-
eters is accompanied by complicated mathematical cal-
culations.
There are some works concerning the cross-interaction
between mixed Gaussian states. The authors of [5] have
shown that the mixed Gaussian states may be considered
as mixtures of generalized correlated states plus thermal
noise. In [6] the authors assumed that this thermal noise
is not described by a unique temperature for all modes.
In the generic case of mixed Gaussian light each mode
may posses its own temperature [7]. Studying the pho-
ton distribution of a N-mode mixed state of light, the
authors of [5] remarked that the mixed Gaussian states
of light may be interpreted as the generalized correlated
light whose normal modes interact with their own heat
baths. We expect that at cross-interaction eect the ul-
trashort light pulses will determine the squeezed states
formation each other. The development of a systematic
theory of cross interaction eect between USPs is of ma-
jor importance, since the formation and application of
USPs in nonclassical states make it possible to combine
in experiments a high time resolution with a low level of
fluctuations.
The primary aim of this paper is to develop the con-
sistent theory of cross-interaction eect between USPs in
nonlinear media with inertial behaviour (so called iner-
tial media [2,9,10]). The investigation of the self-action of
USPs in presence of the cross-interaction eect between
pulses in nonlinear inertial media is connected with the
possibility to make quantum non-demolition measure-
ments for gravitational waves detection [8].
The consequent theory of the self-action of USPs in
nonlinear inertial media was developed for the rst time
in [2,9,10]. In the theory of the self-eect of USPs devel-
oped in [2,9,10] the nite response time of the nonlinear
medium is taken into account and it is established that
the nite time response determines the region of the spec-
trum of the quantum fluctuations bellow the shot-noise
level and does not limit the amplitude of quantum fluc-
tuations. If, at the same time, in nonlinear inertial media
besides the investigated light pulse other light pulse pass
through, then the cross-interaction eect between pulses
takes place in addition to the self-eect of each light pulse
separately. The analyse of the self-action of USPs at
cross-interaction eect between pulses requires the ad-
ditional development of the algebra of time-dependent
Bose-operators presented in [2]. The approach developed
in [2,9,10] can also be used in this case.
II. THE QUANTUM EQUATION OF
SELF-ACTION FOR USPS AT THE
CROSS-INTERACTION EFFECT
As already mentioned, up to now there are no works
concerning the self-action of USPs at cross-interaction
eect between lights pulses in nonlinear media with iner-
tial Kerr nonlinearity. The proper quantum equation of
self-action of USPs in the nonlinear inertial medium at
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cross-interaction eect between light pulses is also absent
up to now in the literature.
In [2,9] the corresponding algebra of time-dependent
Bose-operators for self-eect of USPs in nonlinear iner-
tial medium was elaborated and the spectrum of quadra-
ture fluctuations was analysed too. It is necessary to
mention that in [12] was shown that if we deal with the
propagation of the light pulse in nonlinear media then
the \impulse operator" in the Heisenberg representation
in moving system of coordinates (z = z0, t = t0 − z=u,
t0 is the current time) should be used. Following [2] we
begin with the analyse of the self-action of USPs at cross-
interaction eect for two light pulses with initial orthog-
onal polarization in non-inertial nonlinear media.
A. THE QUANTUM EQUATION OF
SELF-ACTION AT CROSS-INTERACTION IN
THE NONLINEAR NON-INERTIAL MEDIUM
In non-inertial nonlinear medium the self-action of
USPs at cross-interaction eect between pulses is de-
scribed using the impulse operator (quantity of move-











N^[ n^2j(t; z)]dt; (2)
G^(1;2)cross(z)=he Z 1
−1
n^1(t; z)n^2(t; z)dt: (3)
Here N^ is the operator of normal ordering, j- denotes
the pulse number, G^(j)int(z) is the impulse operator of
self-action of a pulse number j (j = 1; 2), G^(1;2)cross(z) is
the cross-interaction impulse operator. The factor j
(j=C2γ?j =2, C=(h!0=2V )
1=2, γ?j=k0n2(j)=2n0 [2,3,13])
is dened by the cubic nonlinearity of the medium
and e by the cross-interaction eect between pulses.
The annihilation operator A^j(t; z) must satisfy the com-
mutation relation at input of the nonlinear medium
[A^0;j(t1); A^+0;j(t2)]=(t2−t1) (A^j(t; z=0)=A^0;j(t)) and
also in a given cross section z in nonlinear medium
[A^j(t1; z); A^+j (t2; z)] = (t2−t1): (4)
The time-dependent Bose-operator A^j(t; z) satises the









In consequence, the equations of self-action of USPs at










i2n^0;2(t)+ien^0;1(t)oA^2(t; z) = 0: (7)
Solving (6) and (7) for the annihilation photons Bose-
operators we get
A^1(t; z) = eiγ1n^0;1(t)+ieγn^0;2(t) A^0;1(t); (8)
A^2(t; z) = eiγ2n^0;2(t)+ieγn^0;1(t) A^0;2(t); (9)
where γ1 = 1z, γ2 = 2z and eγ = ez. We note that the
solutions (8-9) do not permit to verify the commutation
relation (4) and they are accompanied by the singularity
of the function (t) at t = 0 in case of the normal ordering
of their combinations (see [2]).
B. THE QUANTUM EQUATION OF
SELF-ACTION AT CROSS-INTERACTION IN
THE NONLINEAR INERTIAL MEDIUM
Taking into account the inertial behaviour of the non-
linear medium the impulse operator G^(z) should be en-








N^ [ n^j(t; z)n^j(t1; z)] dt1; (10)





n^1(t; z)n^2(t1; z) dt dt1; (11)
where H(t) is the nonlinear response function of the
medium (H(t)6=0 at t0 and H(t)=0 at t<0). Here
G^(j)int(z) is the impulse operator of self-action of a pulse
number j, bG(1;2)cross(z) is the impulse operator of cross-
interaction between pulses and n^j(t; z) is the photon
number density operator for pulse number j in given sec-
tion of nonlinearity z. We consider that the input pulses
are statistically independent and the dissipation eects
in medium are insignicant. In consequence we get
[n^1(t1; z); n^2(t2; z)] = 0; [n^j(t; z); G^(z)] = 0: (12)
It is known, that at self-action the photon number oper-
ator of each pulse does not change itself in medium [1]
n^j(t; z) = n^j(t; z = 0) = n^0;j(t): (13)
and in consequence the photon statistics remains un-
changed. Hence, equation of space-evolution of the op-
erator A^j(t; z) follows from one in the interaction rep-
resentation (5). In agreement with (10-11) in inertial
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nonlinear medium the quantum equations of self-action











We point out that (14-15) are written in moving system





As a conclusion of (16) we have assumed that the quan-
tum noise exists in nonlinear medium even in absence of
light pulses (see [2]). The equations (14) and (15) have
the following solutions:
A^1(t; z)=eiγ1q[n^0;1(t)]+ieγq[n^0;2(t)] A^0;1(t); (17)
A^2(t; z)=eiγ2q[n^0;2(t)]+ieγq[n^0;1(t)] A^0;2(t): (18)
The use of the solutions (17) and (18) requests the devel-
opment of a special mathematical device. Further on the
elements of the algebra of time-dependent Bose-operator
developed in [2,9] will be used.
III. THE ALGEBRA OF TIME-DEPENDENT
BOSE-OPERATORS
For the beginning it is necessary to enter the following
operators:
O^1(t) = iγ1q[n^0;1(t)]; O^2(t) = iγ2q[n^0;2(t)]; (19)beO1(t) = ieγq[n^0;1(t)]; beO2(t) = ieγq[n^0;2(t)]; (20)
and their hermite conjugated ones
O^+1 (t) = −iγ1q[n^0;1(t)]; O^+2 (t) = −iγ2q[n^0;2(t)]; (21)beO+1 (t) = −ieγq[n^0;1(t)]; beO+2 (t) = −ieγq[n^0;2(t)]: (22)
Thus, the formal equations which describe the self-action
of USPs at cross-interaction eect between pulses are:
A^1(t; z)=eO^1(t)+
beO2(t) A^0;1(t); (23a)













Due to the symmetry of the equations (23a),(23b) and
(24a),(24b) below we restrict our analyse only to the
self-action of USP with number 1 (investigated pulse) at
cross-interaction with the another light pulse with num-
ber 2 (control pulse) described by (23a) and (23b). Tak-
ing into account the statistical independence of initial
pulses expressed by
































beO+1 (t1); ebeO+2 (t2)
=

ebO1(t1); ebeO+2 (t2)= 0: (28)
eO^j(t) is the operator of self-action of pulse number j
and
beO1(t), e beO2(t) are the operators for cross-interaction
of pulse number 1 with the pulse number 2 and pulse
number 2 with pulse number 1 consequently.
A. THE PERMUTATION OPERATOR
RELATIONS
For the investigated pulse the following operator per-
mutation relations hold [2]:
A^0;1(t1)O^1(t2) = [O^1(t2) + iγh(t2 − t1)]A^0;1(t1);
A^0;1(t1)O^+1 (t2) = [O^
+
1 (t2)− iγh(t2 − t1)]A^0;1(t1);
A^+0;1(t1)O^1(t2) = [O^1(t2)− iγh(t2 − t1)]A^+0;1(t1); (29)
A^+0;1(t1)O^
+
1 (t2) = [O^
+
1 (t2) + iγh(t2 − t1)]A^+0;1(t1):
Using the mathematical induction it is possible to demon-
strate the validity of the formulae (m 2 N ):





1 (t2)−iγh(t2 − t1)]mA^0;1(t1);
A^+0;1(t1)O^
m





1 (t2)+iγh(t2 − t1)]mA^+0;1(t1):
To simplify the operator algebra it is useful to redene
G(t2−t1)=iγh(t2−t1); G(t2−t1)=− iγh(t2−t1): (31)
Decomposing eO^1(t) and eO^
+
1 (t) in Taylor series we get
the operator permutation relations which are usefully in
the estimation of the statistical characteristics of a pulse.














beO+2 (t2)A^+0;1(t2)= A^+0;1(t2)eO^+1 (t1)+beO+2 (t1)+G∗(t2−t1):
(32)
Using the permutation relations (32) it is possible to
verify the commutation relation (4) for the operators
A^1(t; z) and A^+1 (t; z). The statistical characteristics of
the investigated pulse will be evaluated as result of mean-
ing over a mixture coherent state j0(t)i = j0;1(t)i ⊗
j0;2(t)i where h0;j(t)j0;j(t)i = 1 in virtue of the sta-








beO+2 (t)j0(t)i = h0;1(t)jeO^+1 (t)j0;1(t)i
h0;2(t)je
beO+2 (t)j0;2(t)i = heO^+1 (t)ihebeO+2 (t)i: (34)
B. THE NORMAL ORDERING THEOREM
The theorem of normal ordering formulated in time-
representation [2,9] allows one to estimate the averages
of the Bose-operators over the initial coherent states. In
(16) we proceed to normalized time  = t=r and then
eO^j(t) can be presented as:









where H() = iγeh() and eh() = rh(r). The opera-
tors in the integral expression may be understood as c-
numbers. In consequence, the average value of the eO^j(t)










C. THE AVERAGES OF BOSE-OPERATORS
AND THEIR COMBINATIONS
Using (36) we obtain
heO^1(t)i = ei 1(t)−1(t); heO^+1 (t)i = e−i 1(t)−1(t); (37)
hebeO2(t)i = eie 2(t)−e2(t); hebeO+2 (t)i = e−ie 2(t)−e2(t); (38)
where


















It is useful to enter the envelope of pulses 1(t) and
2(t) so that j0;1(t)j=0;11(t) and j0;2(t)j=0;22(t).
If the pulses have Gaussian form then 1(0)=2(0)=1. In
consequence one gets
















2n0;1=γ 0;1=2; (41)e 0;2=2eγ20;2=2eγn0;2; e0;2=eγ2n0;2=eγ 0;2=2: (42)
The theorem of normal ordering allows one to estimate
the averages of the Bose-operators combinations (see [2]).
In consequence we get
heO^1(t1)+O^1(t2)i=ei[ 1(t1)+ 1(t2)]−1(t1;t2)−K1(t1;t2);
heO^+1 (t1)+O^1(t2)i=ei[− 1(t1)+ 1(t2)]−1(t1;t2)+K1(t1;t2);
heO^1(t1)+O^+1 (t2)i=ei[ 1(t1)− 1(t2)]−1(t1;t2)+K1(t1;t2); (43)
heO^+1 (t1)+O^+1 (t2)i=e−i[ 1(t1)+ 1(t2)]−1(t1;t2)−K1(t1;t2);
and
hebeO2(t1)+beO2(t2)i=ei[e 2(t1)+e 2(t2)]−e2(t1;t2)−eK2(t1;t2);
hebeO+2 (t1)+beO2(t2)i=ei[−e 2(t1)+e 2(t2)]−e2(t1;t2)+eK2(t1;t2);
hebeO2(t1)+beO+2 (t2)i=ei[e 2(t1)−e 2(t2)]−e2(t1;t2)+eK2(t1;t2); (44)
hebeO+2 (t1)+beO+2 (t2)i=e−i[e 2(t1)+e 2(t2)]−e2(t1;t2)−eK2(t1;t2);
where 1(t1; t2) = 1(t1) + 1(t2), e2(t1; t2) = e2(t1) +e2(t2) and K1(t1; t2), eK2(t1; t2) are temporal correlators
which have the form [2]








In most of the practical situations γj ; eγ  1, so one
can consider that in (39a)-(39d) and (45)-(46) the enve-
lope of a pulse poorly depends on the integration vari-
able. Then it is possible to eliminate it from under in-
tegral expression in the essential point r=0 in (39a-
39d) and r=t1+=2 in (45-46) which corresponds to the
maximal value of under integral expression eh()=1 (39a-
39d) and eh(t1−r)eh(t2−r)=eh(−=2)eh(=2)=eh2(=2)
(45-46) consequently (see [2]). Then we obtain
























where =t2−t1. In order not to limit the generality of the
developed theory the relaxation function was not chosen
in a denite form in the previous analyse. If the nonlin-
earity is of a Kerr type, the relaxation function should
be introduced as [2],
H(t) = (1=r)e−t=r ; (t  0): (50)
Then eh()=e−jj and for the integrals in (47a-49) we ndZ 1
0




















IV. THE CORRELATION FUNCTION OF
QUADRATURE COMPONENTS
As stated earlier, in self-action process of USPs in
nonlinear media the photon statistic remains unchanged.
Therefore, we are interested in analysing the quadrature
components which are dened as:
X^1(t; z) = [A^1(t; z) + A^+1 (t; z)]=2; (53)
Y^1(t; z) = [A^1(t; z)− A^+1 (t; z)]=2i: (54)
The average values of the operators A^1(t; z) and A^+1 (t; z)
at initial coherent state of a pulse are
hA^1(t; z)i = 0;1(t)heO^1(t)ihe
beO2(t)i; (55)
hA^+1 (t; z)i = 0;1(t)heO^
+
1 (t)ihebeO+2 (t)i: (56)
Taking into account (37-38) and that 0;1(t) =
j0;1(t)jei’1(t) for average values of quadratures we get
hX^1(t; z)i= j0;1(t)je−1(t)−e2(t) cos [1(t) + e 2(t)]; (57)
hY^1(t; z)i= j0;1(t)je−1(t)−e2(t) sin [1(t) + e 2(t)]: (58)
where 1(t)= 1(t)+’1(t). Exponential term in (57) and
(58) is caused by quantum eects - in the classical theory
there is no such term. From (57-58) one can conclude
that the changes of quadratures in time are connected
with changes in pulse’s envelope and intensity of another
light pulse ( e 2(t) = e 0;222(t) = 2eγn0;2(t)). We introduce
correlation functions of quadrature components as [2,9]








To analyse the correlation functions of quadrature com-
ponents it is necessary to evaluate the correlators
X1(t1; t2) = hX^1(t1)X^1(t2)i, Y1(t1; t2) = hY^1(t1)Y^1(t2)i


















−ee1;2(t1;t2) cos [e1;2(t1)−e1;2(t2)]o; (62)
where
e1;2(t1; t2) = 1(t1; t2)+e2(t1; t2);
1(t1; t2) = 1(t1)+1(t2);e2(t1; t2) = e2(t1)+e2(t2);
1(t) = 0;121(t);e2(t) = e0;222(t); (63)e1;2(t1; t2) = 1(t1; t2) + e2(t1; t2);
1(t1; t2) = 1(t1; t2)eh(t2−t1);e2(t1; t2) = e2(t1; t2)eh(t2−t1);e1;2(t) = 1(t) + e 2(t):
As a result of estimations for the correlation functions of










1(t+=2)+ e 0;1 e 0;222(t+=2)]






+ 0;11(t)1(t+)h() sin[e1;2(t) + e1;2(t+)]
+[ 20;1
2
1(t+=2)+ e 0;1 e 0;222(t+=2)]
1(t)1(t+)g() cos e1;2(t) cos e1;2(t+)o; (65)
where e 0;j = 2eγn0;j . To get (64) and (65) the γ  1 and
r  p approximations have been used.
V. THE SPECTRUM OF QUANTUM
FLUCTUATIONS OF QUADRATURE
COMPONENTS
Spectral densities of fluctuations of the quadrature











Taking into account the weak change of the envelope dur-










1(t) + e 0;1 e 0;221(t)22(t)]





































1− 2 1(t)L(Ω) sin 2e1;2(t)





1 + 2 1(t)L(Ω) sin 2e1;2(t)
+4[ 21(t)+ e 1(t) e 2(t)]L2(Ω) cos2 e1;2(t)o; (73)
where  1(t) = 2γ1n0;1(t), e j(t) = 2eγn0;j(t). It can be
seen from (72) and (73) that for e 2(t) = 0 the spectra at
self-action eect of the investigated pulse can be obtained
only (see [2,9]). From (72) and (73) it follows that the
choice of the phase e1;2(t) determines the level of quan-
tum fluctuations lower and higher than the shot-noise
level SX1(!)=SY1(!)=1=4, corresponding to the coher-
ent state of the initial pulse. In conformity with the
Heisenberg relation the behaviour of the spectrum of the
X1-quadrature appears to be moved on a phase =2 in
comparison with Y1-quadrature. In the case of an opti-









− 1(t)− e 2(t) (74)





























where we denote  1;2(t)= 21(t)+ e 1(t) e 2(t). At any fre-
quency Ω we have








































From (77-78) one can see that the change of e 2(t) rep-
resents an eective control of spectra of quadrature fluc-
tuations. Let us take the intensity of the investigated
pulse constant ( 1(t)= 1(t), e 1(t) = e 1(t)). Then, the
optimal phase of the investigated light pulse at dened










− 1(t)− e 2(t); (79)
when  1;2(t)= 
2






2(Ω)−2L(Ω)[ 21 (t) + L(Ω0)











2(Ω)+2L(Ω)[ 21 (t) + L(Ω0)






where in (80)-(81) we have  1;2(t)= 
2
1 (t)+ e 1(t) e 2(t).
The eective change of e 2(t) = 2eγn0;2(t) can be real-
ized by changing the intensity n0;2(t) of the control pulse
at constant optimal phase of the investigated one. From
(80) and (81) one can see that the change of the inten-
sity of the control pulse at the constant initial phase of
the investigated one will involve the change of the spec-
tra of the investigated pulse. In self-action process one
can control the spectra formation by choosing the phase
of the initial investigated light pulse optimal for the fre-
quency of interest to us [2,10]. If the cross-interaction
eect between pulses is present in addition to the self-
action which takes place for each pulse in particular, then
getting the phase of investigated pulse unchanged and
changing the intensity of the control light pulse we ob-
tain the same results as at the self-eect. The spectra
of the investigated pulse at xed optimal initial phase
’0;1(t) chosen at Ω0 = 0, t = 0, γ1 = γ2 = 2eγ and
 1(t = 0) =  

0;1 = 2 for dierent values of the intensity
of the control pulse are displayed in Fig.1. From Fig.1
one can see that the change of the intensity of one pulse
can represent an eective method of control of squeezed
spectra formation for other light pulse. From Fig.1 fol-
lows that this control is eective if the intensity of con-
trol light pulse is greater than the investigated one. Also
one can see that, increasing the intensity of one light
pulse, the squeezing at the frequency for which the ini-
tial phase of a pulse was chosen optimal will damage [3].
The squeezing of the quadrature fluctuations for the in-
vestigated light pulse at higher intensities of the control
pulse remains at frequencies !  1=r.
DISCUSSIONS AND CONCLUSIONS
The results obtained in this paper show that the cross-
interaction eect between light pulses can represent an
eective method of control of the squeezed spectra for-
mation. At the cross-interaction eect the pulses do not
change the photon statistics to each other but one can say
that each light pulse get an additional nonlinear phase. It
is established that the spectral region of the investigated
pulse, where the quadrature fluctuations are weaker than
FIG. 1. The spectra of the investigated light pulse (at
xed optimal initial phase ’0,1(t) chosen for the Ω=0, t=0,
γ1=γ2=2eγ,  0,1=2γ1n0,1=2) at cross-interaction eect be-
tween pulses for dierent values of the control pulse intensity
n0,2=n

0,1 = 0-(a), 3-(b), 5-(c), 8-(d).
the shot-noise, depends on the relaxation time of the
nonlinearity, the magnitude of the nonlinear phase shift
and the intensity of another pulse. It is also shown that
the frequency at which the suppressions of fluctuations is
greatest can be controlled by adjusting the phase of the
initial investigated light pulse or the intensity of another
pulse.
The results presented in the present paper can be used
also in the experiments of formation of USPs in nonclas-
sical states and in non-demolition measurement in non-
linear media with Kerr nonlinearity. The determination
of the frequency at which the squeezing of quadrature
fluctuations is maximal for the investigated light pulse
allows one to estimate the intensity of another pulse.
The theory developed in this paper for the cross-
interaction eect between two light pulses can be gen-
eralized in the case of N light pulses in the nonlinear
inertial media. The approach presented here can be used
also to develop a consequently quantum theory of non-
linear matching devices for pulsed signals.
ACKNOWLEDGMENTS
F.P. is grateful to S. Codoban (JINR, Dubna) for useful
discussions and rendered help.
7
[1] M. Kitagava and Y. Yamamoto, Phys. Rev. A, 34, 3974
(1986).
[2] F. Popescu and A.S. Chirkin, E-print: quant-ph/0003028
(2000).
[3] A.S. Chirkin, A.A. Orlov, and D. Yu Paraschuk, Kvant.
Elektron. (Moscow) 20, 999, (1993), [Sov. J. of Quant.
Electron. 23, 870 (1993)].
[4] A.P. Alodjans, S.M. Arakelian, and A.S. Chirkin, Appl.
Phys. B, 66, 53 (1998).
[5] V.V. Dodonov, O.V. Man’ko, and V.I. Man’ko, Phys.
Rev. A, 50, 813 (1994).
[6] S.M. Barnett and P.L. Knight, J. Opt. Soc. Am. B, 2,
467 (1985).
[7] R.J. Glauber and V.I. Man’ko, Zh. Eksp. Teor. Fiz. 87,
790 (1984) [Sov. Phys. JETP 60, 450 (1984)].
[8] V.B. Braginski and F.Ya. Khalili: Quantum measure-
ment, (Cambridge University Press 1992)
[9] F. Popescu and A.S. Chirkin, Pis’ma Zh. Eksp. Teor. Fiz,
69, 481, (1999), [JETP Lett. 69, 516 (1999)].
[10] A.S. Chirkin and F. Popescu, E-print: quant-ph/0003027
(2000).
[11] A.S. Chirkin and V.V. Volokhovsky, J. Nonlin. Opt.
Phys. & Materials. 6, 455 (1997).
[12] Mooki Toren and Y Ben-Aryeh, Quantum Opt., 9, 425
(1994).
[13] S.A. Akhmanov, V.A. Vysloukh, and A.S. Chirkin, Op-
tics of Femtosecound Laser Pulses, AIP (1992) [Supple-
mented translation of Russian original, Nauka, Moscow
(1988)].
8
